The Sec6/8 complex, also known as the exocyst complex, is an octameric protein complex that has been implicated in tethering of secretory vesicles to specific regions on the plasma membrane. Two subunits of the Sec6/8 complex, Exo84 and Sec5, have recently been shown to be effector targets for active Ral GTPases. However, the mechanism by which Ral proteins regulate the Sec6/8 activities remains unclear. Here, we present the crystal structure of the Ralbinding domain of Exo84 in complex with active RalA. The structure reveals that the Exo84 Ral-binding domain adopts a pleckstrin homology domain fold, and that RalA interacts with Exo84 via an extended interface that includes both switch regions. Key residues of Exo84 and RalA were found that determine the specificity of the complex interactions; these interactions were confirmed by mutagenesis binding studies. Structural and biochemical data show that Exo84 and Sec5 competitively bind to active RalA. Taken together, these results further strengthen the proposed role of RalA-regulated assembly of the Sec6/8 complex.
Introduction
Spatial regulation of exocytosis is crucial for a variety of cellular processes, such as synapse formation, synaptic plasticity, neurosecretion, and development and maintenance of cell polarity. The delivery of secretory vesicles to spatially restricted areas of the plasma membrane is a multistage process requiring polarized transport, restricted tethering, docking, and fusion of vesicles to specific regions on the plasma membrane. Each of these steps requires a discrete set of proteins to achieve high specificity. SNARE (soluble NSF attachment protein receptor) proteins mediate late-stage vesicle docking and subsequent fusion (Jahn and Sü dhof, 1999) . The tethering step, which is defined as the initial contact of vesicles via a protein bridge with the target membrane, is probably outside the range of SNARE interactions, and might be a crucial stage at which specificity is conferred. Several multimeric protein complexes, termed tethering complexes, have been shown to be essential for most, if not all, membrane fusion events (Whyte and Munro, 2002) . Among them is the Sec6/8 complex, also known as the exocyst complex in yeast, which is the tethering complex responsible for exocytosis at the plasma membrane (TerBush et al, 1996; Kee et al, 1997) . The Sec6/8 complex plays a role in the delivery of vesicles to the basal-lateral membrane of polarized epithelial cells (Grindstaff et al, 1998) and functions in neurite outgrowth in the nervous system (Vega and Hsu, 2001) .
The Sec6/8 complex comprises eight proteins: Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84. Many small GTPases interact with the Sec6/8 complex, although the regulation of the Sec6/8 complex is different in mammals and in yeast (Matern et al, 2001) . In yeast, the exocyst complex interacts with Sec4 (a Rab GTPase), Rho1, Rho3 and Cdc42 (Novick and Guo, 2002) . In contrast, the mammalian Sec3 does not have a Rho1/Cdc42-binding site, and its upstream regulator is currently unknown (Matern et al, 2001) . Moreover, the mammalian Sec15 is an effector for active Rab11 (Zhang et al, 2004) , the Rho family GTPase TC10 interacts with Exo70 (Inoue et al, 2003) and the ADP-ribosylation factor (ARF) 6 binds Sec10 (Prigent et al, 2003) . Interestingly, two subunits of the mammalian Sec6/8 complex, Exo84 and Sec5, are both effectors of the active Ral GTPases, which are not found in yeast (Moskalenko et al, 2002 (Moskalenko et al, , 2003 Sugihara et al, 2002) .
Ral GTPases, which comprise the highly similar RalA and RalB isoforms (sharing 82% identity), are members of the Ras superfamily. As is characteristic for all members of the Ras superfamily of GTPases, Ral cycles between an active GTP-bound state and an inactive GDP-bound state, and the nucleotide-dependent conformational changes are confined to two regions, known as switch I and switch II (Vetter and Wittinghofer, 2001) . Functionally, Ral GTPases are part of extracellular signaling pathways and are involved in the regulation of a diverse array of cellular processes, including oncogenic transformation, endocytosis, exocytosis and actincytoskeleton dynamics, via their interactions with various downstream effector proteins (reviewed in Feig, 2003) . RalSec6/8 interactions are crucial for targeting basolateral proteins in polarized MDCK cells. In neuroendocrine PC12 cells, Ral-Sec6/8 interactions are involved in the regulation of exocytosis of secretory granules and are essential for GTPdependent exocytosis (Moskalenko et al, 2002; Wang et al, 2004a) . Interestingly, inhibition of endogenous Ral or Exo84 function partially disrupted the assembly of the Sec6/8 complex (Moskalenko et al, 2002 (Moskalenko et al, , 2003 , suggesting that Ral and Exo84 are involved in the regulation of the assembly of the Sec6/8 complex. As mentioned above, Ral GTPases are not present in Saccharomyces cerevisiae, suggesting that the involvement of Ral proteins in the regulation of the Sec6/8 complex emerged during evolution of multicellular organisms. Therefore, Ral GTPases may represent a special link between signal transduction pathways and regulation of Sec6/8 functions in higher eukaryotes.
The structure of the Ral-binding domain (RBD) of Sec5 in complex with active RalA provided a first glimpse into the specificity of Sec6/8-RalA interactions (Fukai et al, 2003) . In an effort to understand the dual-effector mechanism of Ral, we present here the 2.0 Å crystal structure of the Exo84-RBD in complex with guanosine-5 0 -[b,g-imido] triphosphate (GMPPNP)-bound RalA. On the basis of structure-based mutagenesis and binding studies, we have identified several key residues that determine the specificity for the Exo84-RalA interactions. Furthermore, we obtained structural and biochemical evidence for competitive binding of Exo84 and Sec5 to active RalA. RalA is the first example of a small GTPase that functions by interacting with two competitive effectors that can also be part of the same multimeric protein complex.
Results and discussion
Crystallization and structure determination The interaction between Exo84 and RalA was originally identified in a yeast two-hybrid screen, and the RBD of Exo84 was mapped to its N-terminal 389 residues (data not shown). In order to facilitate crystallization, the boundaries of Exo84-RBD were probed by limited proteolysis and deletion mutagenesis. The two minimal Exo84-RBDs (residues 167-286 and 167-279) bind to active RalA with a binding affinity of about 42 nM, which is similar to that of a previously reported larger Exo84-RBD construct (residues 122-333) (K d B26 nM) (Moskalenko et al, 2003) , demonstrating that the two minimal Exo84-RBD fragments used in our studies are sufficient to interact with RalA (Table I) . A sequence alignment of the potential RBD fragment for representative members of the Exo84 family is shown in Figure 1 . The Q72L point mutation of RalA was introduced in order to stabilize RalA in the active conformation, in analogy to the constitutively active Ras-Q61L mutant (Frech et al, 1994) . The fragment of RalA-Q72L consisting of residues 9-183 (simply referred to as RalA in the following) was used for crystallization (Fukai et al, 2003) .
The complexes of GMPPNP-bound RalA with the two different Exo84-RBD fragments crystallized in a similar condition and the crystals were isomorphous to each other (Table II) . The structures of the Exo84-RBD :RalA complex and the Exo84-RBD :RalA complex were determined to 2.5 and 2.0 Å resolution, respectively (Table III) . A representative s A -weighted 2F o ÀF c electron density map is shown in Figure 2B . There are two Exo84-RBD:RalA complexes in the asymmetric unit, which are related to each other by a local non-crystallographic two-fold symmetry operation. A pairwise structural comparison revealed that the structures of the two complexes are nearly identical. Furthermore, the structures of Exo84-RBD and Exo84-RBD 167-279 are essentially identical. Therefore, one of the two complexes of the higher resolution structure was used for subsequent analysis.
Structure of the Ral-binding domain of Exo84
The Exo84-RBD adopts a pleckstrin homology (PH) domain fold ( Figure 2C ) consisting of a seven-stranded b-sandwich that contains two nearly orthogonal antiparallel b-sheets (b1-b4 and b5-b7, respectively) and an abutting C-terminal a-helix. The loop connecting b3/b4 (residues 209-215) has relatively weak electron density that is partially stabilized by a crystal contact. Interestingly, dimeric Exo84-RBD and Exo84-RBD:RalA species were observed in solution ( Supplementary Figure 1) , as well as in the crystal structure of the Exo84-RBD:RalA complex where two Exo84-RBD monomers form a two-fold symmetry related dimer. The first four b-strands (b1-b4) of the Exo84-RBD pack against each other in the dimer forming a large intermolecular b-sandwich ( Figure 2D ). The dimerization interface buries a surface area of B1300 Å 2 and it primarily involves hydrophobic residues, including Leu174, Phe197, Met199, Leu204, Ala206 and Leu221 from each protomer. Further studies are required to reveal the possible physiological relevance of the observed Exo84-RBD dimerization.
A structural similarity search using the DALI server (http://www.ebi.ac.uk/dali/) revealed that the structure of Exo84-RBD is similar to that of other PH domain proteins, despite the absence of significant primary sequence similarity. The closest structural homolog is the PH domain of Dapp1/Phish in complex with inositol 1,3,4,5-tetrakisphosphate (IP4; PDB entry 1FAO) ; the root-mean-square deviation (r.m.s.d.) calculated for 95 equivalent Ca atoms is 2.9 Å , whereas the sequence identity is only 14%. PH domains are commonly found in eukaryotic signaling proteins. They are best known for their ability to recruit proteins to membranes through their association with membrane phosphatidylinositides, although they can also function as general protein-binding modules . The structure of the Exo84-RBD:RalA complex shows that a PH domain can also act as an effector to small GTPases, and thus widens the observed functional diversity of PH domains. PH domains that bind specifically to phosphoinositides comprise only about 10% of the known PH domain proteins . The majority only bind phosphoinositides with low affinity and poor specificity. A common feature of many PH domains with known structures is strong surface charge polarization. Three loops (b1/b2, b3/ b4 and b6/b7), also termed variable loops since they represent the most variable regions of PH domains, typically form a positively charged surface, and have been implied in binding with membrane phosphoinositides. Despite adopting a typical PH domain fold, such a charge polarization is absent in Exo84-RBD. Furthermore, the variable loops are mostly negatively charged (not shown), suggesting that the conformation of Exo84-RBD as observed here is unlikely to bind individual phospholipid molecules with high affinity or Figure 1 Sequence alignment of the RBDs of representative members of the Exo84 family. The secondary structure of rat Exo84-RBD is shown at the top. Identical residues are shaded in black and similar conserved residues are shaded in gray. The residues of rat Exo84 that directly contact RalA, together with their equivalent residues in other species, are highlighted in red boxes. The highly conserved Exo84 region is indicated with an orange box. The top 10 hits from a two-iteration Blast search (Altschul et al, 1997) using full-length rat Exo84 as the bait are Rattus norvegicus (rat, NP_620612), Mus musculus (mouse, AAH57052), Homo sapiens (human, NP_787072), Gallus gallus (GG, XP_419572), Tetraodon nigroviridis (TN, CAG12974), Apis mellifera (AM, XP_395242), Anopheles gambiae (AG, XP_313109), Drosophila melanogaster (DM, NP_651454), D. melanogaster (NP_996299, not shown) and Caenorhabditis elegans (CE, NP_493541). The highest sequence identity is between rat and mouse Exo84 (98%), while the lowest is between rat and C. elegans proteins (25%). The alignment was made using ClustalW (Thompson et al, 1994) . specificity. Indeed, we were unable to detect any interaction between Exo84-RBD and several inositol phosphates, including IP4, using either isothermal titration calorimetry or surface plasmon resonance (SPR) (data not shown). However, using radiolabeled liposomes, it has been shown that Exo84-RBD (residues 122-333) interacts with phospholipid membranes in vitro (Moskalenko et al, 2003) . Thus, it appears that in the context of a membrane environment, measurable binding affinity to phospholipids can be induced.
Overview of the Exo84-RBD:RalA complex
The Exo84-RBD:RalA complex is stabilized through extensive intermolecular interactions that bury a solvent-accessible surface area of B1700 Å 2 ( Figure 3A ). This is significantly larger than that between Sec5 and RalA (1000 Å 2 ), and that between Ras and its effectors (B1300 Å 2 for PI3Kg, Raf and RalGDS) (Pacold et al, 2000; Fukai et al, 2003) . Exo84 interacts with both switch regions (Figure 3 ), unlike Sec5, which primarily interacts with switch I.
A structural comparison with the uncomplexed GDPbound RalA (Bauer et al, 1999; Nicely et al, 2004) shows that the largest conformational changes upon GTP binding are exhibited by residues 38-50 and 69-85, which are therefore referred to as RalA switch I and switch II ( Figure 2A ). Accordingly, we classified the Exo84-RBD:RalA interactions into three categories ( Figure 3B ). The first group comprises intermolecular interactions involving three RalA residues in switch I, Lys47, Ala48 and Ser50. The second group involves four RalA residues in switch II, Glu73, Tyr75, Asn81, and Tyr82. The third group of interacting residues includes Lys16
RalA and Arg52
RalA . Additionally, six well-ordered water molecules are found near the border of the complex interface ( Figure 3B ).
The binding sites for Exo84 and Sec5 on RalA are partially overlapping with three RalA residues (Ala48, Ser50 and Arg52) shared by both effectors binding interfaces (Figure 4 ). These residues discriminate differently between Sec5 and Exo84, which was revealed by mutagenesis studies and measuring the resulting binding affinities by SPR (Table I and Figure 5 ). For example, A48W
RalA and S50W RalA entirely abolish Exo84-RalA binding, but only weakly affect the Sec5-RalA interaction. This suggests that residues that have relatively small side chains are preferred at these positions for Exo84 binding, while the Sec5-RalA complex is more tolerant to side-chain variations. The opposite result is observed for mutations of Arg52 RalA . A tryptophan substitution at Arg52
RalA is apparently too bulky to fit in the Sec5-RalA interface, and therefore prevents complex formation. In contrast, RalA-R52W binds to Exo84 with a wild-type-like
RalA is likely involved in hydrophobic interactions with six neighboring Exo84 residues (Met188, Val232, Pro237, Met238, Met241 and Ile252), which might compensate for the loss of two Arg52-mediated intermolecular hydrogen bonds. Indeed, when these two hydrogen bonds are abolished in the R52A
RalA mutant without providing additional hydrophobic interactions, the binding affinity between RalA and Exo84 decreases significantly. These results suggest distinct roles of Arg52
RalA for recognition of Exo84 or Sec5. When we mutated RalA residues that only participate in either pair of RalAeffector interactions, such as E38A RalA , E38R
RalA or N81R RalA , only the corresponding pair of effector-RalA interaction was affected. Taken together, our mutagenesis data are reminiscent of a phenomenon of so-called partial loss-of-function mutations in Ras, which renders Ras unable to activate some distinct effectors but not others.
Nucleotide-and effector-dependent conformational changes of RalA
Consistent with previous reports, we found that Exo84 only interacts with the active RalA (Table I) . It is known that the switch regions of some small GTPases are mobile in the inactive, GDP-bound form. However, all three available crystal forms of RalA-GDP structures show similar conformations in the switch regions, except for residues Gly71-Tyr75 (Bauer et al, 1999; Nicely et al, 2004) . Specifically, the a-helix in switch II consisting of residues 76-84 is well defined and nearly identical in all three structures, even for the crystal form that exhibits no crystal packing contacts in this region (not shown). To determine the structural basis of GTPdependent Exo84 binding, we thus superimposed the structure of the uncomplexed GDP-bound RalA (Bauer et al, 1999) on that of the GMPPNP-bound RalA in the context of the Exo84-RBD:RalA complex. The superposition reveals that the conformation of switch II in the GDP-bound state would impose severe steric hindrance for Exo84 binding (Figure 6 ). For example, RalA residues Tyr75, Ile78, Asn81 and Tyr82 would clash with the b4/b5 and the b6/b7 loops of Exo84-RBD. In addition, Asp49
RalA in switch I would collide with Asn231
Exo84 and Lys233 Exo84 . The nucleotide-binding mode in the Exo84-RBD:RalA complex is essentially the same as that observed in the The RalA residues that exclusively contact Exo84-RBD are colored red, the residues that only bind Sec5-RBD are colored blue and the residues that are involved in interactions with both effectors are colored in orange.
Sec5-RBD:RalA complex (Fukai et al, 2003) , except for an additional hydrogen bond contributed by Tyr43 RalA . We did not find evidence for a second Mg 2 þ associated with the g-phosphate of GMPPNP as observed by Nicely et al (2004) , suggesting that a second Mg 2 þ is not required for Exo84 binding. Comparison of the Exo84 and Sec5 complexes of the GMPPNP-bound RalA reveals a similar conformation of switch I (Ca atom r.m.s.d. of 0.62 Å ), including residues that are involved in effector binding ( Figure 4C ). The only significant differences for RalA between the two complexes are observed for switch II residues 71-75 (Ca atom r.m.s.d. of 1.95 Å ) ( Figure 4B ). Switch II does not directly participate in Sec5 binding and residues 72-75 are partially disordered in the Sec5-RBD:RalA complex (Fukai et al, 2003) . As mentioned above, residues 71-75 show conformational variability in the GDP-bound RalA. Upon interaction with Exo84, a unique conformation is induced for residues 71-75 where Glu73 and Tyr75 directly interact with Exo84. The concomitant loss of entropy may be partially responsible for the relatively lower RalA binding affinity for Exo84 compared to that of Sec5. In summary, we find different types of conformational changes in RalA during activation and effector binding: the conformational changes in switch I and in ahelix 76-84 of switch II that set the stage for effector binding are mostly induced by activation, while the conformational changes of residues 71-75 are induced upon Exo84, but not Sec5, effector binding.
Binding specificity between Exo84 and RalA
Ral proteins are closely related to other members in the Ras superfamily according to their primary sequence homology. A primary sequence analysis showed that there are 14 residues completely conserved in the Ral subfamily but differ in the other Ras subfamilies, which were termed Ral-treedeterminants (Bauer et al, 1999) . Interestingly, four of these 14 residues (Lys47, Ala48, Ile78 and Asn81) are involved in Exo84 binding (Figure 3) . We therefore focused on these four Ral-tree-determinants. Residues Ala48
RalA and Ile78 RalA are linked to the complex interface by Tyr82 RalA , which is sandwiched between these two residues. Tyr82
RalA stabilizes the Exo84-RBD:RalA complex via a water-mediated hydrogen bond with Val229
Exo84 , and hydrophobic interactions with Ala228, Val230 and Leu245 on Exo84. In comparison, Ras has Glu37 and Met67 in positions equivalent to Ala48
RalA and Ile78
RalA . Structural modeling revealed that the Ras-like conformation would force the side chain of Tyr82
RalA to turn . Indeed, when we introduced a larger residue at this position, such as N81R RalA , the binding affinity decreased B21-fold. In contrast, Asn81-mediated hydrogen bonds only moderately strengthen the stability of the complex, since the N81A RalA mutant only decreases the binding affinity with Exo84 B1.5-fold. The positively charged Lys47 in Ral has been previously shown to represent a major difference between Ral and Ras regarding effector recognition, while Ras has a glutamate that is equivalent to Ala48
Exo84 (Bauer et al, 1999) . Replacing Lys47
RalA with a glutamate decreased the binding affinity with Exo84 B37-fold, since the K47E RalA mutant imposed an unfavorable charge interaction with the nearby Glu269
Exo84 and thus prevented RalA-Exo84 binding. In summary, we have identified four RalA residues (Lys47, Ala48, Ile78 and Asn81) that serve as specificity determinants for the Exo84-RalA interactions.
In order to identify key residues of Exo84 that are responsible for specific binding to RalA, we first carried out PSI-BLAST searches (Altschul et al, 1997) using full-length rat Exo84 as the bait. We found that Exo84 is highly conserved across different species (Figure 1 ). Most notably, we found a highly conserved motif, 228 AxxNx(K/R)D 234 , of Exo84 where x refers to a small hydrophobic residue (typically Val or Ile) (Figure 1 ). This conserved motif comprises b5 and the two downstream residues of the Exo84-RBD ( Figure 3C ). The structure of the Exo84-RBD:RalA complex suggests that this motif is critical for the intermolecular interactions, as four residues in this region (Ala228, Val230, Asn231 and Lys233) are involved in RalA binding. This was confirmed by sitespecific mutagenesis in this region (Exo84-A228W or K233W) and of corresponding interacting residues of RalA (RalA-A48W or S50W), which all dramatically decreased the Exo84-RalA binding affinity (Table I) . In contrast to this highly conserved Exo84 motif, other Exo84 residues that are involved in Exo84-RalA binding are only moderately conserved (Figures 1 and 3D ). When we mutated Ser276 Exo84 (S276W) or Lys272 Exo84 (K272A), only a marginal effect was observed regarding RalA binding (Table I) . These results suggest that not all individual hydrogen bonds or salt bridges contribute significantly to the stability of the Exo84-RBD:RalA complex by itself. However, even weak interactions can add up to make a significant contribution to the binding affinity. For example, the Exo84-K272A and RalA-K47I mutants do not form a complex, even though they separately bind to the respective wild-type RalA or Exo84 with a wildtype-like binding affinity (Table I ). In conclusion, we propose that the Exo84 residues in the highly conserved AxxNx(K/ R)D motif are the major determinants for the specificity of the Exo84-RBD:RalA interactions.
Exo84 and Sec5 competitively bind to RalA in vitro
Since RalA interacts with two subunits in the same multimeric protein complex, these two pairs of interactions must be correlated. But, what is the relationship between them? As shown in Figure 4 , the binding sites for Exo84 and Sec5 on RalA are partially overlapping. Thus, Exo84 and Sec5 cannot bind to RalA simultaneously unless they would assume different binding modes. To confirm this structural prediction, competition experiments were carried out in solution (Figure 7) . When the purified Exo84-RBD:RalA complex was incubated with excessive Sec5-RBD, a mixture of the Exo84-RBD:RalA and Sec5-RBD:RalA complexes was detected using size-exclusion chromatography (SEC). Meanwhile, a pool of free Exo84-RBD was observed that represented the Exo84-RBD expelled from the Exo84-RBD:RalA complex by Sec5-RBD. A similar result was observed when the preformed Sec5-RBD:RalA complex was mixed with excessive Exo84-RBD.
Conclusions
The unique cellular localizations of Exo84 and Ral provide a clue into the functional role of the Exo84-Ral interaction. In contrast to the other Sec6/8 subunits, Exo84 probably has a pool outside the fully assembled Sec6/8 complex (Guo et al, 1999; Moskalenko et al, 2003) . We also observed that Exo84 is part of a larger soluble pool in comparison to other Sec6/8 subunits based on a detergent extraction of Sec6/8 subunits Figure 7 Exo84-RBD and Sec5-RBD competitively bind to the active RalA. The purified Exo84-RBD :RalA complex and the Sec5-RBD:RalA complex were mixed with excessive Sec5-RBD (red line) or Exo84-RBD (black line), respectively, and after incubation for several hours at 41C, the mixture was resolved by a Superdex-75 (10/30) SEC column (Amersham) in a buffer containing 20 mM Tris, pH 7.5, 50 mM NaCl, 2 mM MgCl 2 and 1 mM DTT. The corresponding chromatograms are shown in (A) along with chromatograms of the purified Exo84-RBD :RalA (green) and Sec5-RBD:RalA (blue complexes). The OD 280 absorption curves were rescaled for better comparison. The peak fractions (0.3 ml each) were analyzed by SDS-PAGE for the competition experiment between the Sec5:RalA complex and Exo84 (B), and that between the Exo84:RalA complex and Sec5 (C). Similar results were observed for two Exo84-RBD constructs (residues 146-289 and 167-286).
with rat brain extract (data not shown). Furthermore, seven Sec6/8 subunits excluding Exo84 can associate with each other to form a subcomplex in vitro (Wang et al, 2004b) . However, inhibition of endogenous Exo84 expression reduced the formation of the Sec6/8 complex (Moskalenko et al, 2003) . It suggests that Sec6/8 complexes are assembled from subcomplexes, probably mediated in part by Exo84. On the other hand, due to its carboxy-terminal geranylation, Ral associates with secretory compartments and the plasma membrane (Mark et al, 1996) . Functionally, Ral is an important regulator of vesicle trafficking and crucial for the assembly of the Sec6/8 complex (Moskalenko et al, 2002) . Here, we have provided structural and biochemical evidence that Exo84 and Sec5 competitively bind to active Ral. Taken together, this suggests that there are at least two different Sec6/8 subcomplexes that contain Exo84 and Sec5, respectively, and the Sec6/8 assembly is regulated by Ral interactions with Exo84 and Sec5.
A Sec5-containing subcomplex has been proposed to be located on the target plasma membrane, serving as a landmark site for exocytosis (Moskalenko et al, 2003) . In response to a specific cellular signal, Ral is thought to be activated and to recruit the Exo84-containing subcomplex to the vesicle membrane. The Exo84-containing subcomplex and its associated vesicle are then delivered to a specific region on the plasma membrane, which is tagged by the Sec5-containing subcomplex. This vesicle trafficking process is likely mediated by Ral, and may be in coordination with the cytoskeleton and/or other regulators. The subsequent assembly of the Sec6/8 complex will therefore bridge secretory vesicles to their target membrane. Since Exo84 and Sec5 can directly associate with each other via regions that are distinct from their RBDs, the Exo84-Sec5 interaction is probably independent of the Exo84-Ral and Sec5-Ral interactions (Moskalenko et al, 2003) . It has been shown that at least one Ral-GTP molecule binds the Sec6/8 complex (Sugihara et al, 2002; Wang et al, 2004a) , although the available data cannot distinguish if one or two Ral molecules bind to the fully assembled Sec6/8 complex. The structural and biochemical insights that we have obtained about RalA-Sec6/8 interactions have shed new light on the ability of Ral to interact with two different effectors that can also be part of the same multiprotein complex. Taken together, our results further strengthen the proposed role of Ral-regulated assembly of the Sec6/8 complex.
Materials and methods

Cloning, protein expression and purification
Various constructs of rat Exo84-RBD and human RalA (residues 9-183) were cloned into the pGEX-2T vector (Amersham) and expressed as GST fusion proteins in Escherichia coli BL-21 cells. The Q72L mutation on RalA was introduced by site-directed mutagenesis (QuikChange, Stratagene). To probe the domain structure and boundaries of the RBD of Exo84, we have screened 17 different truncations of Exo84 covering the N-terminal 389 residues. The designs of various Exo84-RBD constructs were guided by information gathered from limited proteolysis, N-terminal amino-acid sequencing and liquid chromatography/mass spectrometry (LC-MS). Soluble proteins were further tested for binding with active RalA using a GST pull-down assay. For expression of each protein, bacteria were grown at 371C and induced with 100 mM of isopropylb-D-thiogalactopyranoside (IPTG) when OD 600 absorption reached 0.6-0.8. The temperature was then reduced to 201C and the induction was continued for B16 h. Cells were harvested and resuspended in phosphate-buffered saline (PBS) buffer with 2 mM dithiothreitol (DTT), 5 mM EDTA, 0.5 mM PMSF and protease inhibitor cocktail (Roche), and lysed by a microfluidizer (Microfluidics Corporation). The clarified cell lysate was loaded to a glutathione-Sepharose 4B column (Amersham) at 41C, and then washed extensively with a buffer containing 50 mM Tris, pH 8.0, 150 mM NaCl and 2 mM DTT. GST fusion Exo84-RBD and RalA were cleaved with thrombin (Hematologic Technology) on the column. Exo84-RBD was used for complex formation with RalA without further purification. RalA was further purified using a 5 ml HiTrap-Q column (Amersham) which was pre-equilibrated with 50 mM Tris, pH 7.5, 1 mM MgCl 2 and 1 mM DTT, and subsequently eluted with an NaCl gradient (0-0.4 M). To convert RalA to the GTP-bound form with GMPPNP, a nonhydrolyzable GTP analog (Calbiochem), purified RalA was incubated with calf intestinal alkaline phosphatase (10 U/mg RalA) (CIP, New England Biolabs), 0.5 mM GMPPNP, together with 5 mM EDTA and 50 mM ammonium sulfate. Nucleotide exchange lasted for 16 h at 41C and was stopped by adding 10 mM MgCl 2 . The complex was formed by mixing GMPPNP-loaded RalA with purified Exo84-RBD. After incubating at 41C overnight, the mixture of Exo84-RBD and RalA was loaded on a 5 ml HiTrap-Q column pre-equilibrated with a buffer containing 50 mM Tris, pH 7.5, 1 mM MgCl 2 and 1 mM DTT. The Exo84-RBD:RalA complex was eluted with a 0-0.4 M NaCl gradient, and was further purified by a HiLoad-16/60 Superdex-75 (Amersham) size-exclusion column in a buffer composed of 20 mM Tris, pH 7.5, 50 mM NaCl, 2 mM MgCl 2 and 1 mM DTT.
Selenomethionyl Exo84-RBD (residues 167-286) (Se-Met Exo84-RBD) was expressed by growing cells in M9 minimum media supplemented with amino acids Lys, Phe, Thr, Ile, Leu, Val and SeMet (Doublie, 1997) . Se-Met Exo84-RBD was purified using the same protocol as for the native protein, except that 10 mM DTT was included throughout protein purification. Complex was formed between Se-Met Exo84-RBD and native RalA.
Crystallization and diffraction data collection
The purified Exo84-RBD:RalA complex was concentrated to B20 mg/ml for crystallization. Initial crystallization screens were carried out using crystallization screen kits from Hampton Research and Emerald Biostructures. The best crystals were grown at 201C by vapor diffusion, and each drop contained a 1:1 (v/v) ratio of protein and reservoir solution. The reservoir solution was composed of 18-22% PEG3350, 0.1-0.2 M ammonium sulfate and 0.1 M Bis-Tris buffer, pH 6.5. Clusters of thin plates grew in 1-2 weeks and diffraction quality crystals were grown using microseeding. The complex of Se-Met Exo84-RBD and native RalA was crystallized in a similar condition in the presence of 10 mM DTT. However, it only crystallized after cross-seeding using crystals of native complex.
The crystals were cryoprotected in the same mother liquor supplemented with 13% glycerol, and then flash-frozen in liquid nitrogen. The diffraction data sets were collected at 100 K at beam lines 9-2 and 11-1, Stanford Linear Accelerator Center (SSRL), using an ADSC Q315 CCD detector. A three wavelength multiwavelength anomalous dispersion (MAD) data sets were collected using inverse-beam geometry in 101 wedges. All data were processed using HKL2000 (Table II) (Otwinowski and Minor, 1997) . The crystals belonged to space group P2 1 . The Se-Met crystals were isomorphous with the native crystals.
Structure determination
The positions of 11 of the 12 possible selenium sites were found using the program SOLVE (Terwilliger and Berendzen, 1999) . MAD phasing and subsequent density modification were carried out in the Crystallography & NMR System (CNS) (Brunger et al, 1998) . The computed experimental electron density map was of excellent quality and allowed unambiguous tracing for most of the protein backbone and side chains in the Exo84-RBD 167-286 :RalA complex. An initial model was built using the program O into the 2.5 Å resolution electron density map calculated from MAD phases (Jones et al, 1991) . The electron density improved by iterative manual rebuilding and refinement with CNS, against the 2.5 Å resolution data. Progress was monitored with the free R-value using a 10% randomly selected test set (Brunger, 1992) . The loop between Leu209 and Met215 was still missing when the conventional R-value was 0.260 and the R-free value was 0.306. At this point, the structure of Exo84-RBD :RalA, with a diffraction data to 2.0 Å , was determined by molecular replacement with AmoRe (Navaza, 1994) , using the Exo84-RBD :RalA structure as a search model. Refinements were begun with rigid body minimization followed by a slow-cooling simulated annealing protocol at 5000 K to reduce model bias. The structure of the missing loop between 209 and 215 could now be reliably assigned using this high-resolution data, although the electron density map was relatively weak in this region. Iterative rounds of positional and individual B-factor refinement were performed in conjunction with manual model building until R free converged. The ligands were not included until R free was under 0.30. The missing loop in the Exo84-RBD 167-286 : RalA complex was built using the Exo84-RBD :RalA structure as a reference. The final models are complete except for weak or missing electron density for the four N-terminal residues and the three C-terminal residues of Exo84-RBD , the four N-terminal residues of Exo84-RBD 167-279 and the two N-terminal residues of RalA. The occupancy of residue Arg213
Exo84 in the Exo84-RBD :RalA complex was set to zero because of the weak electron density. For structure comparison, least-squares superpositions were calculated using LSQMAN (Kleywegt, 1999) . Figures were prepared using programs MOLSCRIPT (Kraulis, 1991) , PyMol (http://www.pymol.org), Povscript (http://www.stanford. edu/~fenn/povscript/) and Raster3D (Merritt and Murphy, 1994) .
The atomic coordinates and diffraction data for the Exo84-RBD 167-279 :RalA and Exo84-RBD 167-286 :RalA structures have been deposited at the Protein Data Bank under accession codes 1ZC3 and 1ZC4, respectively.
Molecular weight determination by multiangle laser light scattering
An HR 10/30 Superdex-75 (Amersham) SEC column was coupled with in-line DAWN EOS multiangle light scattering, refractive index (Wyatt Technology Corporation) and UV (Jasco Corporation) detectors (SEC-MALLS). The system was equilibrated in 20 mM Tris, pH 7.5, 50 mM NaCl and 2 mM MgCl 2 . The protein concentrations were about 3 mg/ml and the flow rate was maintained at 0.35 ml/min. The light scattering detector responses were calibrated by measuring the signals from monomeric bovine serum albumin. The light scattering unit was maintained at 251C and the refractometer was maintained at 351C. The column and all external connections were at ambient temperature (20-221C). A value of 0.185 ml/g was assumed for the dn/dc value of the proteins. The native molecular weight of the eluted species was calculated using the ASTRA 4.90.08 software provided by Wyatt Technology Corporation.
Mutagenesis and binding analysis
Single site-specific mutations were introduced into the full-length human RalA and rat Exo84-RBD (167-286) by PCR. Thrombincleaved GMPPNP-or GDP-bound RalA and its variants were purified as described previously (Fukai et al, 2003) . Exo84-RBD and its variants were purified as described above, and the identity of the Exo84-RBD mutants was confirmed by mass spectrometry. Binding affinities were determined by SPR measurements on a BIAcore 3000 instrument (Biacore Inc.). Wild type or mutant forms of Exo84-RBD or Sec5-RBD were coupled to activated CM5 surfaces using standard amine coupling conditions as described by the manufacturer. Exo84-RBD variants or Sec5-RBD were captured on flow cells 2-4 at a level of 600-800 response units (RU) and flow cell 1 was used as a reference cell by not coupling any protein to it. Sensograms were recorded at 251C for binding of RalA and its variants to these surfaces by injection of series of solutions ranging from 50 to 10 000 nM in the presence of 0.2 mM of GMPPNP or GDP. Kinetic injections were carried out by allowing 200 s for association and 600 s for dissociation at a flow rate of 30 ml/min (PBS running buffer: PBS, pH 7.2, containing 2.5 mM MgCl 2 , 0.05% Tween 20 and 0.02% sodium azide). Exo84-RBD/Sec5-RBD biosensor surfaces were regenerated with 100 ml of PBS containing 50 mM EDTA. The signal from the reference cell for the same injection was subtracted from the observed sensogram. A 600 RU of coupled Exo84-RBD/ Sec5-RBD would routinely result in a response of 80 and 250 RU with 500 nM GMPPNP-bound RalA, respectively. Dissociation constants (K d ) were derived by fitting the data into 1:1 Langmuir binding model using the BIAevaluation 3.2 software (Biacore Inc.). This model describes a simple reversible interaction of two molecules in a 1:1 complex. All binding experiments were repeated three to four times and biosensor chips coupled at different times yielded comparable binding affinities. Experiments in opposite orientation using RalA coupled to the chip were not successful as nucleotide-bound RalA could not be maintained during the regeneration, thereby creating inactive RalA species on chip. The K d values for Sec5-RBD:RalA interaction reported here (as measured by BIAcore analysis) were 10 times lower (affinity is stronger) compared to previously reported values that were measured by isothermal titration calorimetric analysis (Fukai et al, 2003) . This difference could be attributed to different methods used for the analysis.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
